Objectives: To determine whether small diffusion-weighted imaging (DWI) lesions occur beyond the acute posthemorrhage time window in patients with intracerebral hemorrhage (ICH) and to characterize their spatial distribution in patients with lobar and deep cerebral hemorrhages.
Recent analyses of patients with primary intracerebral hemorrhage (ICH) have identified a surprisingly high incidence of small hyperintense lesions on diffusion-weighted imaging (DWI) sequences. [1] [2] [3] [4] [5] [6] Although the neuropathologic basis of these clinically asymptomatic DWI hyperintense lesions has not been determined, their imaging properties are suggestive of small cerebral infarcts. One possibility is that these neuroimaging lesions represent a subset of acute, relatively large cerebral microinfarcts (CMI), a widespread form of ischemic brain injury associated with advanced small vessel disease (SVD). [7] [8] [9] [10] Given the brief time window (7-14 days 11 ) during which small incident infarcts remain detectable by DWI, the high frequency of ICH-associated lesions suggests that small DWI lesions may occur frequently in patients with SVD. Most reports have focused on the early post-ICH period, however, raising the question of whether these DWI lesions represent an ongoing process occurring throughout the course of SVD rather than a byproduct of the acute ICH. Specific ties between the DWI lesions and the early post-ICH period have indeed been suggested by the finding of risk factors exclusive to this period, such as acute reductions in blood pressure. 2, 3, 5 A second related question is whether the incidence and distribution of DWI lesions are affected by the type of underlying SVD.
We sought to determine 1) whether DWI lesions occur beyond the acute posthemorrhage time window, and 2) whether their spatial distribution differs according to the location of the ICH. We examined these questions in 392 patients with deep or lobar primary ICH and found characteristic disease-related distributions of DWI lesions occurring throughout both the acute and nonacute post-ICH periods.
METHODS Study participants. We reviewed 523 consecutive patients with symptomatic brain hemorrhagic lesions enrolled at Massachusetts General Hospital (MGH) between January 2005 and September 2011 in an ongoing prospective cohort study of ICH as detailed elsewhere. 12 Subjects presented with hemorrhagic stroke or other symptoms related to hemorrhagic brain lesions (seizures, focal neurologic symptoms, or cognitive decline) and underwent at least 1 MRI during their course. During this period, 458 subjects with acute ICH did not undergo MRI.
For the purposes of the current study, we further excluded subjects with diagnosis of cerebral amyloid angiopathy (CAA)-related inflammation 13 or hereditary CAA, subjects whose MRIs were performed because of stroke symptoms not attributable to an acute ICH, or MRI scans performed in the intermediate 8-to 14-day post-ICH time interval between the acute post-ICH period (defined as #7 days after the most recent symptomatic ICH) and the nonacute period (.14 days after the most recent ICH). Of the originally identified 523 patients, 90 were excluded for ICH location that was neither strictly lobar nor deep hemispheric (such as cerebellar), 23 were excluded for having MRIs only during the 8-to 14-day post-ICH window, 10 for history or neuroimaging suggestive of hereditary or inflammatory-type CAA, 5 for absence of DWI sequences, 2 for acute neurologic symptoms other than those related to ICH, and 1 for a possible secondary cause of infarction (endocarditis), leaving 392 patients for analysis. Thirty-four of them were included in a previous report. 1 Based on review of neuroimaging, these patients were further divided into those with strictly lobar hemorrhages (n 5 276) meeting criteria for definite, probable, or possible CAA 14 (4 [1.5%], 170 [62%], and 102 [36.5%], respectively) and those with deep hemispheric or brainstem hemorrhages (n 5 116) consistent with hypertensive (HTN) vasculopathy.
All subjects with acute ICH were admitted to the MGH Neurocritical Care Unit and treated according to the unit's ICH protocol (appendix e-1 on the Neurology ® Web site at www.neurology.org). The indications for the MRIs performed in the nonacute phase (n 5 178) were routine post-ICH follow-up in 63 subjects (35%), new nonstroke symptoms (headache, transient sensory symptoms, or dizziness) in 51 (29%), cognitive deterioration in 29 (16%), research in 19 (11%), seizures in 10 (6%), head trauma in 4 (2%), and cancer in 2 (1%). Based on this information, we further subdivided the patients in the nonacute group into those whose scans were performed without a triggering clinical event of any sort (routine post-ICH follow-up or research, n 5 82) and the remainder with some type of nonstroke triggering symptom (n 5 96).
Standard protocol approvals, registrations, and patient consents. All aspects of the study were approved by the hospital Institutional Review Board, which allows us to collect data on all subjects with ICH treated at MGH. MRI acquisition and analysis. All subjects underwent brain MRI on a 1.5 T Signa scanner as described. 15 DWI, fluid-attenuated inversion recovery (FLAIR), and gradient-echo sequences were obtained using previously reported parameters. 1, 15, 16 All images were reviewed for the presence, number, and distribution of hyperintensities on DWI by a clinical neurologist (E.A.) and confirmed by a vascular neurologist (M.E.G.) without knowledge of clinical information. Lesions were considered DWI positive if hyperintense relative to surrounding tissue and distinct from ICH (i.e., with normal-appearing tissue between DWI lesion and hemorrhage; figure 1 ). The corresponding region on the apparent diffusion coefficient map was reviewed to confirm that diffusion was reduced or isointense. 17 We have previously reported high interrater reliability for detection of DWI lesions. 1 The locations of DWI lesions were classified as frontal, temporal, parietal, occipital, deep hemispheric, cerebellar, or brainstem according to a landmark-based segmentation protocol. 18 The observed number of lesions per lobe was compared with the number predicted by a random distribution, using lobar (white and gray matter) volumes measured with the same segmentation protocol. 19 For the primary analysis of the effect of scan timing on DWI lesion incidence, we divided subjects into 2 nonoverlapping groups of acute vs nonacute imaging. For this analysis, each patient contributed only 1 acute or nonacute scan. For patients who underwent more than 1 scan, we selected the chronologically first nonacute scan. In a secondary analysis of the subset of patients who underwent DWI imaging in both the acute and nonacute time periods, the presence of DWI lesions was compared on paired acute and nonacute images from individual subjects.
Gradient-echo images were evaluated for number and distribution of cerebral microbleeds (CMBs) (deep vs lobar) and to exclude peri-hemorrhage artifacts. For purposes of multivariable analysis, the number of CMBs was categorized into tertiles (0, 1-5, or .5). White matter hyperintensity (WMH) was rated visually on axial FLAIR images on the 4-point Fazekas scale, 20,21 modified to include both subcortical and periventricular hyperintensities. Intrarater agreement for this modified scale has been reported to be high (k 5 0.84). 22 WMH was dichotomized as none to mild (0-1) vs moderate to severe (2-3).
Composite images of the spatial distribution of DWI lesions were created using coregistered MRI images (appendix e-1).
Statistical analysis. Comparisons of acute vs nonacute scans,
DWI-negative vs -positive cases, and observed vs expected lobar lesion distribution were performed using t test (for age, creatinine), Wilcoxon rank sum (for CMB), x 2 and Fisher exact tests (categorical variables), or McNemar test (paired categorical variables). Multivariable models were analyzed by logistic regression, incorporating covariates identified in the univariate analyses with p , 0.1. Stata software (StataCorp, College Station, TX) was used for multivariable analyses.
RESULTS
We analyzed 458 MRI scans from 392 subjects with deep and lobar ICH (48.7% women, 87.4% white race, mean age 72.8 6 11.7 years) and identified 103 DWI lesions in 62 individuals. All lesions were at least 1.5 cm distant from the closest hemorrhage (figure 1); 46% and 45.5% of the supratentorial lesions were ipsilateral to the ICH in the acute and nonacute groups, respectively. The 62 subjects (15.6%) with at least 1 DWI lesion did not differ from the 330 without lesions by age, gender, vascular risk factors, use of statins, antithrombotics, moderate to severe WMH, number of CMBs, or serum creatinine (table e-1).
Distribution of DWI lesions. Most DWI lesions (90 of 103, 87.4%) were in the cortical gray matter or gray/ white border (47 lesions, 45.6%) or subcortical white matter (43 lesions, 41.7%; figure 2 ). Of the remainder, 7 (6.8%) were deep hemispheric, 6 (5.8%) cerebellar, and 0 brainstem. These lesions were not uniformly distributed across the cortical lobes (p 5 0.003), but rather demonstrated a predilection for parietal lobe and underrepresentation in temporal lobe (table 1) relative to the expected random distribution by lobar volume. Further nonuniformity was demonstrated by comparing lesion distributions in patients with strictly lobar vs deep ICH (p 5 0.002). Patients with strictly lobar ICH had relative overrepresentation of lesions in frontal lobe, and patients with deep ICH in parietal lobe (table 2, figure 3) . A similar contrast from the deep ICH group (p 5 0.001) was observed when the strictly lobar ICH group was further restricted to the 174 subjects meeting the more stringent criteria for probable or definite CAA. 14 The distribution of DWI lesions among the lobes did not differ between the acute and nonacute time periods (figure 3; p 5 0.23 for strictly lobar ICH, p 5 0.43 for deep ICH).
Posthemorrhage timing and incident DWI lesions. We took 2 approaches to analyzing the effect of posthemorrhage timing on incidence of new DWI lesions. The first was to compare the incidence of lesions in distinct (i.e., nonoverlapping) subsets of patients scanned in the acute (#7 days) post-ICH period (n 5 214, median post-ICH interval 2 days, interquartile range 1-3 days) with 5 4] were excluded from the analysis), the acute post-ICH period seemed to have an increased incidence of DWI lesions (OR 1.9, 95% CI 1.03-3.6, p 5 0.04).
In the second approach, the incidence of DWI lesions was compared on acute and nonacute images in 66 subjects (mean age 70.3 6 10.5 years) who underwent DWI-MRI in both time periods. Median time interval between the acute and nonacute scans was 104 days (interquartile range 48-205 days). This paired analysis showed no differences, with DWI lesions on 8 of 66 acute images (12.1%) and 10 of 66 nonacute images (15.2%) (OR 0.75, 95% CI 0.21-2.5, p 5 0.8). Of the 8 patients with DWI lesions on their acute scans, only 2 were also DWI positive on their nonacute scans, no greater than expected by chance (p 5 0.6).
Hemorrhage location and DWI lesions. We also analyzed whether the incidence of DWI lesions was associated with ICH location as an indicator of underlying SVD type. We found no difference between patients with strictly lobar vs deep ICH. DWI lesions were identified in 42 of 276 subjects (15.2%) with strictly lobar hemorrhages meeting criteria for definite, probable, or possible CAA, 14 and 20 of 116 subjects (17.2%) with deep hemorrhages (OR 0.86, 95% CI 0.48-1.5, p 5 0.7). Using stricter definitions for the underlying SVDs, we found similar proportions of DWI lesions among the lobar ICH subjects diagnosed with probable or definite CAA (31 of 174, 17.8%) and strictly deep ICH patients with clearly documented hypertension (17 of 97, 17.5%, p 5 0.6).
DISCUSSION Several findings support the hypothesis that the DWI lesions frequently observed after ICH are an ongoing product of underlying SVD. One indication is that although our evidence is equivocal regarding whether these lesions are more common acutely, they clearly continue to occur at high frequency outside the acute post-ICH period. A second line of evidence is that the lesions occur in characteristic lobar distributions that appear to differ between patients with strictly lobar and deep ICH, which generally represent distinct small vessel pathologies. 23 These findings suggest that ischemia is an active, ongoing process in cerebral SVD. Although the location of lesions seems to have a specific relationship to the type of underlying SVD (table 2, figure 3 ), the mechanisms that target these particular sites for these lesions are unclear. CAA pathology and CAA-related hemorrhages tend to be most severe in posterior cortical regions, [24] [25] [26] rather than the frontal regions favored by the DWI lesions in lobar ICH and in patients with definite/probable CAA. Even more unexpected is the predominance of posterior cortical DWI lesions in deep ICH patients with likely HTN vasculopathy, a disorder that primarily affects deep penetrating arterioles in the basal ganglia, thalamus, and brainstem. 27, 28 The apparent disconnect between the locations of SVD pathology vs SVD-related DWI lesions suggests as yet unidentified processes contributing to infarction in these disorders. The superficial cortical distribution of lesions ( figure 3) is also somewhat suggestive of the vascular borderzone or "watershed" region. 29 The absence of a widely accepted definition of precisely what constitutes the watershed region and how to calculate its volume, however, make it difficult to confirm a true predilection for this location.
We observed similar frequencies of DWI lesions in association with strictly lobar (15.2%) and deep ICH (17.2%), suggesting that CAA and HTN vasculopathy both trigger high rates of infarction. This finding of high rates of lesions in likely HTN vasculopathy is consistent with data from a recent study of primarily hypertensive and black patients (35% DWI positive immediately post-ICH, 27% at 1 month), 5 but differs from another report of nearly 3 times higher frequency of DWI lesions in patients with probable CAA (9 of 39, 23%) compared with other ICH types (6 of 75, 8%). 4 These differences may reflect variations in patient selection or small sample sizes, and will likely be reconciled as more studies of characterized ICH patients emerge.
The substantial frequency of DWI lesions observed outside the acute post-ICH time period reinforces the idea raised in previous reports 1,4 that overall incidence of these lesions must be high. In the current study, we observed 13 lesions (on 10 positive scans) among 82 scans performed without triggering clinical event, yielding estimates for the overall incidence of these lesions between 7.2 per year (if the lesions are assumed to remain visible as long as 14 days 11 ) and 14.4 per year (if assumed to remain visible only 7 days). Summed over a period of years, these estimates suggest a cumulative burden of dozens or hundreds of lesions. The true number of neuropathologic CMI is likely to be higher still, because DWI-MRI appears capable of detecting only the largest microinfarcts: observed DWI lesions are typically several millimeters or more in diameter, larger than the average diameters for histopathologically observed CMI of 0.2 to 1.0 mm. 30, 31 It is thus reasonable to postulate that the DWI lesions observed in patients with SVD are indicative of a truly high burden of otherwise "invisible" lesions 32 capable of causing substantial cognitive deficits. 31, [33] [34] [35] Our data provide equivocal results regarding whether DWI lesions occur at increased incidence during the acute post-ICH period. Multivariable analysis found increased odds for DWI lesions in the acute period, whereas secondary analysis of a smaller subset of patients scanned in both time periods showed no difference. There are several candidate mechanisms for producing a higher risk of DWI small lesions immediately after ICH, including abrupt therapeutic reductions in blood pressure, 2,3,5 increased intracranial pressure, 2,5 therapeutic withdrawal of antithrombotic medications, endothelial dysfunction, or inflammation. The small differences between risk during the acute and nonacute periods suggest that these factors are not the sole causes of infarction. The similar spatial distributions of acute and nonacute DWI lesions (figure 3) also suggest that lesions in both time windows are reflections of the underlying SVD.
Notable strengths of our study are the numbers of consecutive patients analyzed, as well as the data on lesion location. A key weakness is our study's retrospective design and reliance on available nonacute clinical MRIs. The use of a convenience sample of nonacute scans obtained at various times and for various indications raises concerns that the observed incidence of DWI lesions may not be truly representative of their ongoing occurrence. It is reassuring, however, that essentially the same lesion frequencies were detected on nonacute scans performed without any triggering clinical event (12.2%) as those with some sort of triggering event (13.5%). Although all patients with acute ICH were treated according to a standardized blood pressure protocol, we do not have individual patient information. We also note that many ICH patients did not undergo MRI, introducing potential selection biases in our findings. Another limitation is that blinding raters to the concomitant presence of acute or nonacute hemorrhage is difficult, leading to potential biases toward lesion identification. DWI lesions are not common in patients without advanced SVD, however, appearing in no control subjects in previous publications, 1, 4 and only 60 of 16,206 (0.37%) consecutive nonstroke MRI scans at a university hospital. 36 The observed lesions are therefore unlikely to be related to unconscious bias alone.
The finding here and elsewhere 1-6 of DWI lesions in association with ICH, together with reports of incident CMBs in association with acute ischemic stroke, 37 support the idea that advanced SVD can produce both hemorrhagic and ischemic brain injury. This pathophysiologic framework may have implications for clinical practice; for example, an incidental DWI lesion in a patient with advanced SVD may not ª 2012 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
require a full evaluation for other causes. SVD may also pose clinical challenges in balancing the risks of hemorrhagic vs ischemic outcomes, such as deciding on use of antithrombotics or choosing between the benefits 38 and risks 2,3,5 of acute post-ICH blood pressure reductions.
CMI, although difficult to observe during life, 32 may be the most prevalent of all infarct types and the most directly linked to neurologic dysfunction. 31, [33] [34] [35] DWI lesions may thus be a key neuroimaging marker for future trials aimed at slowing clinical manifestations of cerebral SVD, particularly cognitive decline.
